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We study the behavior of the p° vector mass during the hadronic phase of an ultra-relativistic 
heavy-ion collision at finite temperature. We show that scattering with the most abundant particles 
during this stage, namely, pions, kaons and nucleons, leads to an overall temperature dependent, 
decrease of the p° intrinsic mass at rest, compared to its value in vacuum. The main contribu- 
tions arise from s-channel scattering with pions through the formation of a\ resonances as well as 
with nucleons through the formation of even parity, spin 3/2 [N(1720)] and 5/2 [A(1905)] nucleon 
resonances. We show that it is possible to achieve a shift in the intrinsic p° mass of order ~ —40 
MeV, when including the contributions of all the relevant mesons and baryons that take part in the 
scattering, for temperatures between chemical and kinetic freeze-out. 
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I. INTRODUCTION 

The p vector meson plays a special role in ultra- 
relativistic heavy-ion collisions since its vacuum life time 
(~ 1.3 fm) is shorter than the life time of the system cre- 
ated in the reaction. Therefore, any changes in the prop- 
erties of this meson are expected to comprise information 
about the conditions of the collision at the time when the 
meson decayed. This expectation is at the core of the in- 
tensive studies, both experimental pj and theoretical Q 
regarding the p electromagnetic decay channels. 

The advent of large multiplicity events at RHIC en- 
ergies has allowed to also study the p decay into pions, 
which is by far the most important of its decay channels. 
A remarkable result reported by the STAR collaboration 

is a shift of 40 MeV and 70 MeV for the peak of 

the invariant mass distribution of the decay p° — > 7r + 7r _ 
in minimum bias p + p and peripheral Au + Au colli- 
sions, respectively, at ^snn — 200 GeV as compared to 
the vacuum value 0. 

A plausible interpretation of the above result, as re- 
gards to the heavy-ion environment, is that one is in fact 
looking at the medium induced modifications of the me- 
son driven by its decay, regeneration and ree-scattering 
within a hadronic system over a short interval of time, 
namely, the last stage of the collision, between chemi- 
cal and kinetic freeze out, lasting a time interval of the 
order of the life time of the meson. The fact that the 
resonance spectral density can be experimentally recon- 
structed means that the hadronic system is dilute enough 
so that the decay products do not suffer significant ree- 
scattering after being produced. 

In order to describe medium induced modifications to 
the intrinsic properties (mass and width) of a hadronic 
resonance such as p. it is necessary to resort to effec- 
tive Lagrangians representing the interactions of the res- 
onance with the rest of the hadronic matter in the envi- 
ronment. Based on general grounds, these Lagrangians 
are built to respect the basic symmetries of the strong 
interaction, among them, current conservation and par- 
ity invariance. Thermal modifications to the p intrin- 



sic properties are computed by evaluating the one-loop 
modification of its self-energy. Attention is paid to those 
hadrons whose rest mass is near the threshold for s or t 
channel resonance formation and with a sizable coupling 
to p and to the most abundant particles in the hadronic 
phase of the collision, namely pions/kaons and nucleons. 
The phenomenological coupling constants are evaluated 
by comparing the model prediction of the vacuum de- 
cay rate, into the given channel, with the experimentally 
measured branching ratio. 

Temperature driven modifications to intrinsic proper- 
ties of p have been thoroughly worked out from interac- 
tions with mesons when considering only scattering in 
the s-channel. The case of interactions with baryons has 
mainly been studied in connection with changes caused 
by dense nuclear matter effects (see however Refs. p|) 
and by means of non-relativistic approximations for the 
interaction Lagrangians @, Q, @ ■ In a recent work 
interactions of p with baryon resonances have been con- 
sidered in a relativistic framework. When including also 
the contributions from scattering off various meson res- 
onances, it has been shown that the intrinsic p mass at 
rest decreases with increasing temperature. 

The purpose of this work is to give full account of the 
thermal modifications to the mass of the p° meson when 
considering its scattering off pions /kaons and nucleons in 
a thermalized hadronic medium, such as the one that is 
expected to be produced during the dilute, almost baryon 
free, last stage of an ultra-relativistic heavy-ion collision. 
In particular we show how a systematic thermal field- 
theoretical calculation of the real part of the one-loop 
p self-energy yields the total contribution, both form s- 
and t-channel resonance exchanges, to the thermal mass 
of p at rest. We find that p scattering off pions through 
the exchange of pions themselves significantly contributes 
to an increase of the p thermal mass. However, when 
considering also the contribution from scattering off pi- 
ons through the exchange of pseudo- vector resonances, in 
particular a%, and off nucleons through the exchange of 
various baryonic resonances, in particular N(1720) and 
A(1905), the overall result is a decrease of the thermal p 
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mass at rest. 

To describe all the interactions of p we work within 
a full relativistic formalism, making use of the general- 
ized Rarita-Schwinger propagators for fermion fields with 
spin higher than 1/2. We work in the imaginary-time 
formulation of thermal field theory to compute the one- 
loop p self-energy II Mt , , when interacting with the relevant 
hadrons. 

The work is organized as follows: In Sec. [H] we review 
essentials of the computation of the real part of the one- 
loop thermal self-energy of a particle in a scalar model, 
separating explicitly its s- and t-channel contributions. 
In Sec. IIIII we compute the contribution to the p° ther- 
mal mass from interactions with nucleons and baryon res- 
onances. We also compute the coupling constants used 
in the calculation comparing the theoretical expression 
for the branching ratio into the p nucleon channel with 
the experimentally measured value. In Sec. II VI we com- 
pute the contribution to the p° thermal mass from in- 
teractions with pions and kaons and various other meson 
resonances. In Sec. [S put together the above contribu- 
tions to compute the behavior of the p° mass at rest with 
temperature. Finally, we summarize our results and con- 
clude in Sec. IVII 



II. 



THERMAL SELF-ENERGY IN A SCALAR 
THEORY 




FIG. 1: One-loop self-energy Feynman diagram representing 
the interaction of a scalar particle <3? with two other scalar 
particles <f>i and <f>2- 
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Recall that the self-energy II is related to the intrinsic 

\ + Re n, 



p properties by Im II = -A/ p r tot , M p = 

where m p is the mass of p in vacuum, M p and r tot are the 
(temperature and/or density dependent) intrinsic mass 
and total decay width of the p meson, respectively and 
Re II and Im II represent the real and imaginary parts 
of II, respectively. 

The real part of the one-loop p self-energy receives con- 
tributions stemming from the various particles (fermions 
or bosons) in the loop interacting with p. Depending on 
the Lorentz nature of the interacting particles, the tensor 
structure of the self-energy can become very cumbersome 
and difficult to keep track of. Nevertheless, the analytic 
structure of the induced changes to the mass of p at fi- 
nite temperature can already be understood in a simpler 
scalar theory. Let us therefore here look at such case. 

Consider the one-loop Feynman diagram depicted in 
Fig. ^ representing the self energy of a scalar field <I> in- 
teracting with other two scalar fields (f>% and <f> 2 through 
the interaction Lagrangian 
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where g is the coupling constant with dimensions of en- 
ergy. Field <E> has mass Q 2 = q$ — q 2 — M 2 whereas 
fields (f>i and (j) 2 have masses mi and m 2 , respectively. 
Without lose of generality, let us take m 2 > mi. 

In the imaginary-time formalism of thermal field the- 
ory, the self-energy diagram of Fig. ^ can be expressed, 



is the Bose-Einstein distribution with 1/(3 = T being the 
temperature. 

The retarded self-energy is obtained by means of the 
analytic continuation iuj — > qo + it. In this manner, the 
real and imaginary parts of the retarded self-energy are 
given by 
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where V represents the Cauchy principal value. Notice 
that the first and second of Eqs. J2J are related by a 
dispersion relation without subtractions. 
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FIG. 2: Two of the Feynman diagrams obtained by computing 
the real part of the one-loop self-energy of $ representing (i) t- 
channel and (ii) s-channel scattering of particle <E> off particle 
<j)i with the exchange of particle fa. 



Let us concentrate in the first of Eqs. and consider 
the limit q = 0, that is, the situation when the parti- 
cle <fr is at rest. Furthermore, let us look only at the 
temperature dependent terms. We can then write 



Re n(q ,q) 



-gv 



{n(Ei) 



1 



d 3 k 



1 



(2tt) 3 4£i£ 2 
1 



1 



qo — Ei — E 2 qo — Ei + E 2 
1 



go + Ei — E2 qo + Ei + E2 
n{E 2 ' 



1 



1 



qo — E 2 — Ei qo — E 2 + Ei 
1 



qo + E 2 - Ei q + E 2 + E x 



}, (5) 



= 1, 2). E\ and E 2 are related 
Notice that the coefficient of 



where E t — \/k 2 + to?, (i 
by E\ — E\ + to 2 — m\. 
n(E2) in Eq. JSJ is obtained from the coefficient of n{E{) 
by the exchange £2 E\. 

For the case at hand, namely to-2 > mi, the terms pro- 
portional to n{E2) are suppressed with respect to those 
proportional to n{Ei), thus, for the ease of the discus- 
sion let us for the time being ignore the forme r. After 
the change of integration variable k 
in Eq. © one gets 
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For definitiveness, take qo > 0. Also define 

(ml - m\) 
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FIG. 3: Real part of the one-loop self-energy for particle $ 
scaled to the square of the dimension-full coupling constant 
g in the scalar model showing the t- and s-channel contri- 
butions, separate and combined. For this example we have 
taken mi = 0.2m p , 7712 = 1.6m p and T = 120 MeV. Notice 
that the s-channel contribution is maximum in magnitude at 
M = qo = m2-mi whereas the t-channel contribution is max- 
imum in magnitude at M = qo = mz+mi. For other values of 
qo, these contributions are of similar magnitude showing the 
importance to account for both of them in the computation 

of n. 



The integrand in Eq. (JJJ is singular for qo = ±a when a > 
mi. We therefore have two instances for the integrand 
to become singular: 

(i) a > 0, this means that qo > \J m\ — m\ and thus 
there are singularities for qo > m i + m%. 

(ii) a < 0, this means that < qo < y/ m\ — m\ and thus 
that there are singularities for < qo < m i ~ m i- 

The term in Eq. © with singularity for a > (the 
first term) corresponds to the probability associated to 
t-channel scattering of particle $ off particle </>i with the 
interchange of particle <f) 2 as depicted in Fig. l%Ti). Simi- 
larly, the term in Eq. © with singularity for a < (the 
second term) corresponds to s-channel scattering of par- 
ticle $ off particle 4>i with the interchange of particle ^2 
as depicted in Fig. Efii). These are the two possibilities 
that one obtains when cutting the intermediate line as- 
sociated with particle <pi in the self energy diagram of 
Fig. ^ as corresponds to the calculation of the real part 

of n. 

Figure shows the contributions to Re U(q ,q = 0) 
corresponding to t- and s-channel scattering, separate 
and combined. Notice that both contributions are of the 
same magnitude except when qo — "*i + "^2 where the 
t-channel dominates or when qo ~ to.2 — mi where the 
s-channel dominates. At these values of qo the integral 
has cusps but it is otherwise finite since it corresponds 
to the Cauchy principal value. 

The above calculation outlines the basic features of the 
one-loop real part of the self-energy of a given particle in 
interaction with other two as a function of its mass at 
rest. In the following sections we will carry out similar 
considerations for the Lagrangians corresponding to in- 
teractions of p with several hadrons at finite temperature, 
where details concerning the strength of the specific inter- 
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r^ pJV (MeV) r™ c (MeV) f jP 


fN-R 
JjP 


JV(1520) 3/2~ 


25 


120 


9.7 


7 


iV(1720) 3/2+ 


100 


150 


7 


7.8 


A(1700) 3/2 _ 


120 


300 


4.4 


5 


A(1905) 5/2+ 


210 


350 


12.9 


12.2 



TABLE I: List of baryon resonances included in the calcu- 
lation. The last column corresponds to the values of the 
coupling constants for a non-relativistic (N-R) calculation as 
computed in Ref. gj]. 

action will differ but otherwise the above general features 
will remain. 

III. INTERACTIONS OF p WITH NUCLEONS 
AND BARYON RESONANCES 

A. Self-energy 

A look at the review of particle physics reveals 
the existence of four baryon resonances with rest masses 
near the sum of the rest masses of p and nucleon (N), 
where, as we have seen in Sec. [n] we could expect an 
important contribution to the thermal modification of the 
p mass. These have also sizable decay rates into the p — N 
channel. The resonances are N(1520), N(1720), A(1700) 
and A(1905). Table I shows their quantum numbers and 



branching ratios into the p—N channel. 
The interaction Lagrangians C are given by 

f ^ ( j p = §-) 

C = | ^^3/2 + V>7 5 7^^, f J p = l + ) (8) 

where fjp are the coupling constants between p, N and 
the baryon resonance R, F^ v = d^p v — d v p^ is the p field 
strength tensor, ifi is the nucleon field, is the spin 
3/2 field and tp^ is the spin 5/2 field [EllI F p nr are 
hadronic form factors that take into account the finite 
size of the particles that appear in the effective vertexes. 
These form factors are taken to be of dipole form 

_ /2A* + m|\ 2 

2V + s ) ' (9) 

where s is the energy squared in the system where the 
resonance is at rest and A is a phenomenological cutoff. 
All the interactions in Eqs. JSJl are current and parity 
conserving. 

To compute the one-loop p self-energy we use the gen- 
eralized Rarita-Schwinger propagators for fields with spin 
higher than 1/2, given by [y, [La. Il4| [hereafter, four- 
momenta are represented by capital letters and their 
components by lower case letters] 
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where is the mass of the resonance and the sum over 
the indexes af3pa of a tensor T Q/3pCT means 

^ ^ rpaftpa _ rpctfipcr _|_ rp{3apa _|_ rpa/3ap _j_ rp(3acrp (^2) 

a <-> /3 

In order to ensure that the unphysical spin-1/2 degrees 
of freedom contained in ip p and ip fiv have no observ- 
able effects even in the interacting theories described by 
Eqs. (JSJ, the propagators in Eqs. (|10|) and l|llfl have to 



be regarded as the leading order terms in an expansion 
in the parameter 1 / jlj| • 

We also include the contribution from interactions be- 
tween p and nucleons given by 

C pNN = f pNN i> (V - ^^"d^) (13) 

where a plJ — (i/2)[7 M , 7"], m,/v is the mass of the nucleon 
and we take the values of the dimensionless cou plin g con- 
stants f pN n and k as f pNN = 2.63 and k = 6.1 [15j. 



5 





(b) 



Tf n (P, P-Q) 
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where ± refer to the case of interactions with positive 
and negative parity baryon resonances, respectively, IF 
is the isospin factor and 

Tt V 2)^ K )=^\(r+rn N )T%n^ 2 {K)Y%] 
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FIG. 4: Feynman diagrams representing the contribution to 
the p one-loop self-energy from interactions with nucleons 
(single lines) and baryon resonances (double lines). Both dia- 
grams (a) and (b) need to be considered as distinct since the 
particles in the loop are not the antiparticles of each other. 



For the interaction Lagrangians in Eqs. (JSJ, the cal- 
culation involves the sum of the two Feynman diagrams 
shown in Fig.0]whose corresponding expressions, written 
in Minkowski space are 



where the vertices F^ a and r^ a ^, as obtained from the 
interaction Lagrangians in Eqs. JSJ, are given by 
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It is a lengthy though straightforward exercise to com- 
pute the tensors in Eqs. I|15|) with the result 
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FIG. 5: Feynman diagram representing the amplitude for a 
given baryon resonance (double line) to decay into the p (wavy 
line) and nucleon (single line) channel. 



where 



B. Coupling constants 

Before going into the computation of the thermal mod- 
ification to the p mass, let us pause for a moment 
and compute the coupling constants fjp appearing in 
Eqs. (|I7|I . This is accomplished by comparing the the- 
oretical expression for the branching ratio of the given 
baryon resonance into the p — N channel with the exper- 
imentally measured value. 

Figure represents the amplitude for a given baryon 
resonance to decay into the p — N channel, where the 
kinematics is also defined. The expression for the partial 
width for such process in the rest frame of the decaying 
resonance is given by 
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and for the last two of Eqs. I|17|l we have only considered 
the case of baryon resonances with positive parity inter- 
acting with p. The fact that Eqs. (|17|l can be written 
in terms of the tensor structures Q pv and K pv makes it 
evident that these are explicitly transverse. 

The nucleon isospin factor is taken as IF = 2, both for 
the case of interactions with N or A resonances as regards 
to the calculation of mass modifications of p°. To see 
why this is so, we must keep in mind that the real part 
of the self-energy amounts to the sum of the squares of 
amplitudes that represent scattering processes where p° 
takes part. Consider for instance the s-channel scattering 
of p° and a nucleon with the exchange of an intermediate 
N or A resonance. Since there is conservation of charge at 
the vertex, the number of possibilities for this scattering 
to take place is fixed by the number of nucleon states in 
the initial or final state which is equal to 2, regardless of 
whether the exchanged particle is an N or a A resonance. 
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where \M r ^ p n\ 2 represents the matrix element squared 
summed over final and averaged over initial spin and 
isospin states. For the interactions considered in Eqs. (JSJ 
it is easy to see that these can be written as 
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where Q = K — P and in the first of Eqs. (|2C)|> the factor 
(2I R + 1) describes the decay of N resonances and the 
factor (2I p + 1) the case of the A resonance. 

In the rest frame of the decaying resonance k = and 
P 2 = m 2 N , P ■ K = Enttir, thus, it is straightforward to 
show that \Mb,-^ p n\ 2 are given by 
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For a reliable estimate of the coupling constants, we 
should include the finite width of p by folding the ex- 
pression for the width, Eq. (|19|l . at a given value Q 2 of 
the p mass with the p spectral function S{Q). 
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For definitiveness, S(Q) is taken as a relativistic Breit- 
Wigner function 
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where we also include the proper phase space angular 
momentum dependence for the p decay into two pions , 
taking 



r(Q 2 ) = r- 
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where we use r vac = 150 MeV. 

Table I shows the values of the coupling constants fjp 
obtained by equating Eq. (|22|l to the experimentally mea- 
sured values of T v ^Z^ pN also listed in the table. For com- 
parison, we also show the values of the coupling constants 
/jp r obtained from a non-relativistic approach Q. In the 
calculations we set A = 1 GeV, however, the obtained 
values for the coupling constants do not change when 
A varies in the range 1 GeV < A < 2 GeV which is a 
reasonable interval when considering hadronic processes. 



component = Ilfj^ +^lfj) \i 01 tne P self-energy, 

in the limit of vanishing three- momentum |16| . 

From Eqs. i|17fl and i|25|) . we must carry out sums over 
Matsubara frequencies of the form 
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The sums for the cases I — 0, 1 are well known and 
are given by 

sis 2 1 ~ n(siE N ) - n(s 2 E R ) 



So = E 



Si 



where 



Sl,S 2 =± 



E 

si ,s 2 =± 



4:E N E R iuj ~ s x E N - s 2 E R 

s 2 1 - n(siE N ) - h(s 2 E R ) 
AE R ilu — siEpj — s 2 E R 



n(E) 



z f3E ■ 1 



(28) 



(29) 



is the Fermi-Dirac distribution. In order to carry out the 
rest of the sums, we make use of the identity 



1 



J n A(iuj n ,E N ) = J n 2 

for I > 2, together with the result 
T^J n K(iLo n ,E R ) - 



E N 



< + E 2 N 



(30) 



C. Thermal mass 

We now proceed to the computation of the thermal 
modifications of the p mass. For this purpose, we work 
in the imaginary-time formulation of thermal field theory. 
Thus, the corresponding expressions for the p self-energy 
of Eqs. (fl4*| become 



n 



±(<0 



[J)fJ,U 



^E 

Th 

^E 



d z p 



(2tt) 3 [P 2 
d 3 p 



-ra 2 N ][(P + Qf 



Q) 



(2tt)3 [P*- m %}[{P-Qy 



(25) 



where po — iuj n and go = with io n = (2n + l)-7rT and 
lu = (2m + l)7rT being fcrmion Matsubara frequencies 
and n, m integers. 

For definitiveness, we take the z axis as the direction 
of motion of the p meson and thus the square of its ther- 
mal mass can be computed from the thermal part of the 



-(i) l E l R l n{E R ) I even or 
I odd 



(31) 



where the arrow indicates that we just consider the tem- 
perature dependent terms. Using Eqs. I|30|l and (|31|l it is 
easy to show that 



S 2 

s 3 
s 5 

Sa 



E%So 



n(E R ) 
E R 



E 2 N Si + (iw) 



n(E R ) 
E R 



E N S + (E R + E 



N 



■ UJ 



MEr 
E R 



E%S 1 + ^)(3E 2 R + E 2 N -co 2 )^ 
E%S + (-6u 2 E R + E R + 



E 2 N E 2 R - E%u> 2 



E 



4 ,n{E f 



NJ 



Er 



S 7 -> E%§i + (ioj)^ - 10oj 2 E r + 5E% 



3Ej{E R +E% — EjfW 2 ) 



n{E R ) 
E R 



(32) 
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FIG. 6: Contribution to the p self-energy from scattering with 
nucleons and various other nucleon resonances. The main con- 
tribution for go ~ m p stems from the formation of s-channel, 
positive parity spin 3/2 N(1720) and spin 5/2 A(1905) reso- 
nances. 

Using Eqs. (|28[1 and ll-ill into Eqs. I|25[l we can now make 
the analytical continuation ilu — > go + it to compute the 
real part of the self-energies n^ 11 , in a similar fashion 
as the one explained in detail in Sec. [HJ 
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TABLE II: List of meson resonances included in the calcula- 
tion. The last column corresponds to the isospin factor ac- 
counting for the number of isospin channels that take part 
in the dispersion. The coupling constants are taken from the 
analysis in Ref. Q. 



obtained by gauging the pion-pion interaction La- 
grangian [la . Il7fl . The value of the dimensionless cou- 
pling constant, as determined by the p width in vacuum, 
is taken as g p7T „ = 6.06 0. 

The interaction Lagrangians involving the other rele- 
vant mesons are taken as |4| 

[ g.PA^pPA AWPF^ 
£ = \ g^vFpvV e^ aT d^V v d a p T (34) 



The result is summarized in Fig. H3 where we show 
the temperature dependent real part of the self-energies 
scaled to the square of the p mass in vacuum, for each of 
the resonances listed in Table I as a function of qo/m p , 
where go is the energy of the p meson at rest, for a 
temperature T — 120 MeV. Notice that the two Feyn- 
man diagrams of Fig. [5] represent the contribution to the 
scattering process from nucleons and anti- nucleons, as 
corresponds to the scenario where resonance production 
happens from the -almost baryon free- central region 
of the reaction. The main contributions in magnitude 
for qo ~ m p come from the resonances with even parity 
N(1720) and A(1905). We also show the contribution 
from scattering with nucleons, taking mjv to its vacuum 
value. Notice that for the kinematical range considered, 
the contribution from nucleons is completely negligible. 



where and represent the vector and axial-vector 
fields and P, P' the pseudo-scalar fields. T p pr are dipolc 
form factors [see Eq. ©]. The coupling constants g pPR 
in Eqs. (|34() are taken from Ref. The interaction 
Lagrangians in Eqs. (|33|) and (|34f> are current and parity 
conserving as well as compatible with chiral symmetry. 

The expressions for the one-loop p self-energy corre- 
sponding to the interaction Lagrangians in Eqs. Q34JI. can 
be written in Minkowski space, as 



n (J } =IF 



d A p 



M {JF) 



(2tt) 4 [P 2 - ml][{P - Q) 2 - m 2 R ] (35) 



where m P is the mass of the pseudoscalar (w or K) and 
tur is the mass of the vector, axial-vector or 7r'(1300) 
and IF is the isospin factor. The numerators in Eq. i|35|) 
are given by 



IV. INTERACTIONS OF p WITH PIONS AND 
OTHER MESONS 



We now look at the contribution to the p self-energy 
stemming from scattering with pions and other mesons. 
Table II shows the quantum numbers of those mesons 
with sizable branching ratios involving the pion and p 
and whose rest mass is near the sum of the rest masses 
of the pion/kaon and p, as well as the coupling constants 
used in the calculation. For the interaction of p and the 
pion, 7r, we take the Lagrangian 



C = g^Md^ - ig^p^np^ 



(33) 



M (o+) _ r (o+) r (o+) 

lvJ -p,v fi v ' 



(36) 



where K = Q — P and the vertices, as obtained from the 
interaction Lagrangians in Eqs. (|34|l . are given by 



r 



(i + ) 

a/3 
1 a/3 

r (o+) 



= g pPA FpPA [g a p{P ■ Q) - PaQp] 
= g P T,vT P ixv [e 7 a«5/3(Q - P) J Q S ] 

= {g P *p' lmp)T plx p> 

[Q-(Q- P)Pa - (P • Q)(Q - P)a] (37) 



It is easy to check that the explicit expressions for 
and Aij^l ^ are given by 



(1*) 



Aft 1 > 



n 2 T 2 
9 P PA- r pPA 



{[P 2 Q 2 - (P ■ Qf] Q^ + Q 2 K^} 



,2 T 2 
fpirV' pirV 



{-(P • Q? Q M „ + Q 2 (l - ^} 

{g pitP ,/m p ) 2 T% pr Q A K M „, (38) 



where the presence of the tensors Q pu and K plJ , defined 
in Eqs. JTSJ, makes it evident that Eqs. I|38|) are explicitly 
transverse. 

For the computation of the contributions to the 
thermal modifications of the p mass, we work in the 
imaginary-time formalism of thermal field theory writ- 
ing Eq. I|35[) in Euclidian space 



d 3 P 



(2tt)3 [P 2 - m 2 ][{Q - P) 



(39) 



where po = iw n and qo = iw, with uj n — 2nirT and 
uj = 2mirT being boson Matsubara frequencies, and n 
and m integers. Once again, for definitiveness, we take 
the z axis as the direction of motion of the p meson and 
thus the square of its thermal mass can be computed from 

the thermal part of the component Il-j^ ' in Eq. (|35|l in 
the limit of vanishing three-momentum. 

From Eqs. (|38|l and l|39|) . we must carry out sums over 
Matsubara frequencies of the form 

Si =TY / (i^n) l M^n,E N )A(i{uj - uj n ),E R ) , (40) 



where I — 0, 1, 2 and 

A{iu n ,E) = — 



E 2 



(41) 



The sums for the cases 1 — 0,1 are well known [Tj} and 
are given by 



s = £ 

S!,S 2 =± 



Si 



E 

Si ,S2 — ± 



sis 2 1 + n(siEp) + n(s 2 E R ) 
AEpE R iu> — s\Ep — S2ER 

s 2 1 + n(siEp) + n(s 2 E R ) 
4:Ep iuj — s\Ep — s 2 E R 



(42) 



where n(E) is the Bose-Einstein distribution given in 
Eq. ©. 

It is easy to check that the expression for S 2 is given 

by 



S-2 



EpSo 



n(E R ) 
E R 



(43) 



where the arrow indicates that we just consider the tem- 
perature dependent terms. 
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FIG. 7: Contribution to the p self-energy from scattering with 
pions and various other mesons. The main contribution for 
qo ~ m p stems from the formation of an s-channel axial- vector 
resonance oi. 



Using Eqs. (|42|l and (|43|l into Eq. I|39|) we can now make 
the analytical continuation ilu — > qq + if. to compute the 

real part of the self-energies 11^ , in a similar fashion 
as the one explained in detail in Sec. [H] The result is 
summarized in Fig. [7] where we show the temperature 
dependent real part of Ilu scaled to the square of the 
p mass in vacuum arising from pion exchange as well as 
each of the mesons listed in Table II as a function of 
lo/mp, for a temperature T — 120 MeV. We notice that 
in the interval considered, the main contribution comes 
from scattering of p off pions. However, for qo ~ m p a 
sizable contribution in magnitude comes from 7r-p scat- 
tering through the formation of an s-channel axial- vector 
resonance ai, which has the opposite sign and about the 
same strength as the contribution from pion exchange, in 
agreement with the findings in Ref. 4]. Also, for qo ~ m p , 
the rest of the contributions offset among themselves. 



V. INTRINSIC THERMAL MASS OF THE p° 

We now put together the contributions from all of the 
particles considered in Sees. Ill and IV. This is summa- 
rized in Fig. [5] where we show the total shift in the in- 
trinsic p mass as a function of temperature. Notice that 
the shift is negative and increases in magnitude as the 
temperature increases. For instance, taking m p = 770 
MeV, we get M p = 764-730 MeV when the temperature 
varies between T — 120-180 MeV, which is a reasonable 
range for the temperature of the hadronic phase of a rel- 
ativistic heavy-ion collision between chemical and kinetic 
freeze-out. 



VI. SUMMARY AND CONCLUSIONS 

In this work we have computed the intrinsic changes 
in the p mass due to scattering with the relevant mesons 
and baryons in the context of ultra-relativistic heavy-ion 
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T (MeV) 

FIG. 8: Intrinsic mass of p° as a function of temperature. 

collisions, at finite temperature. We have shown that a 
consistent field theoretical calculation of the real part of 
the one-loop p self-energy yields the contributions form 
t- and s-channel scattering and that in general, both 
have to be accounted for. In addition to the already 
well know contributions arising from p scattering with pi- 
ons through the exchange of a\ and pions themselves, we 
have found that the contributions from scattering with 
nucleons through the formation of even parity, spin 3/2 
[N(1720)] and 5/2 [A(1905)] nucleon resonances are sig- 
nificant. 

The reason for the difference in the behavior be- 
tween the real parts of the contributions of N(1720) and 
A(1905) to the p self-energy as a function of qo -the 
former starting out repulsive and the latter attractive- 
is that the structure of their propagators and couplings 
with nucleons is different, given that these are resonances 
with different spin. The leading term for each case when 
go — ^ is of the form c * qo where c is a numerical co- 
efficient to which several terms from the product of the 



propagator and vertices contribute. It turns out that this 
coefficient is positive in the case of N(1720) and negative 
in the case of A(1905). We emphasize that this conclu- 
sion is born out of the explicit calculation. We should 
however point out that an important cross check of the 
result, namely, the transversality of the self-energy, has 
been carried out. This is by no means a trivial check of 
the consistency of the calculation since had one or more 
of the terms that make up the above mentioned c coef- 
ficient been wrong, the transversality would have been 
spoiled. 

The results underline the importance of scattering of 
p mesons with baryons, in particular nucleons at finite 
temperature, for the decrease of the intrinsic mass of p, 
during the hadronic phase of the reaction. 

We have shown that it is possible to achieve a shift 
in the intrinsic p° mass of order ~ —40 MeV, when 
including the contributions of all the relevant mesons 
and baryons that take part in the scattering, for tem- 
peratures within the commonly accepted values for the 
hadronic phase of the collision, between chemical and 
kinetic freeze-out. These findings refer to the intrinsic 
changes in the p mass. The overall change in the value 
of the peak of the invariant n + n~ distribution should 
contain also the effects of phase-space distortions due to 
thermal motion of the decay products as well as the effect 

due to the change in the intrinsic p width eei. tws 

is work in progress and will be reported elsewhere. 
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